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C_o TL_I I

Td_ PROELEM _D HISTORICAL BACKGROL_[D

In this chapter the purpose of thls exporlmontal and analytical "

investigation of the flutter and divergence of large masses at the ends

of short struts is given. A few re_.arks on the importance of this
q

investigation follows. After a brief historical background_ definitions

of the terms and symbols used in this paper are given. The chapter is

concluded wit_z a s_mm_ry of _o organization of this p_per.

E_.99._ o_ th_.2ei_ves_i_ation. The purpose of this investigation is

to obtain experimental data on the flutter and divergence of large masses

at the ends of short struts and to compare these data with corresponding

analyses. Flutter is an oscillatory aeroelastic phenomenon w}._ch involves

t_zeinteraction of aerodynamic, elastic, and inertia forces, and deals with

the conditions whereby an aircraft componeflt can extract e_ergy from the

surrounding air s_re_m to an eo_ent causing dlstortion or destruction. One

type of flutter consists of a coupled bendinc-torsion oscillation, l_nother

type of flutter consisting of a torsional instability sin_!e de_rec of

freedom will be referred to as torsional instability in _uls paper.

Divergence is the phemo,_enon in w]dch the aerodynamic moment is greater

than the structural restoring mc_ent. _ "

._ortance of the problem. The problem of fl_tter _nd divergence 0£

large masses at the ends of shc_t struts has become of increasing importance.

For exazple_ such problems arise witL wing t_ks a,_ Jet engines suspended



2

from the wings of present-day hi,h-speed aircraft, and with certain missile

designs that have power plants consisting of ram Jets outboard of the body•

With such use of these large masses, investigations of flutter and

diver_zence must be made so that precauticmary measures may be taken.

Historical background. Until recruit years there was little study of

the problem of flutter or divergence of large masses at the ends of short
t

struts. Innumerable investigations of wing flutter were made. As the

airpl_e speed was increased and its configuraklon chan_ed (wing tanks,

etc .) investigations of flutter and divergence of wings with concentrated

weights and aerodynamic shapes _ere made• These studies always concerned

the combined effects of the wing and the shape. The present work is an

attempt to isolate the aerod_nsmi_ effects of the shape. In order to do

this exoerimentally, tests were made of various _haped bodies at the ends

of short struts. These struts are so designed as to have negligible air

forces on them.

_efinition of terms and _. Flutter and divergence have already

been defined in a previous section. _e follow_ is a list of symbols and

their defirdtions which will be encountered in this paper. In order that a

comparison may be made by designers with data in this paper, all parameters

will be made nondlmensional wherever practic_l. Figure 1 shows the physical

si_nificance of some of the parameters in the list Of symbols.
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Figure I.- Physical significance of some flutter parameters.
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Mo

Mh_
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kt

kb
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fh

elastic axis or axis of rotation position in percent chord

measured from the leading:edgo of the basic configuration

nondLnonsional COo_"dirAateof sz_is of roba_lon from _idchord

2 x e.ao _ iI
I00

r

center-of-gr_viL-Y position in percent chord measured fro_ the

leading edge of the basic configuration

location of the center of gravity measured from the e.a. and

positive to the roar of the e.a. \ i00

density of test medium, slugs per cubic foot

standard density of dry _r, Slugs per cubic foot

dynmr_c pres_ure, pounds per square foot

Mach number
• o

pitching moment, foot pounds

mass of body at ends of strut, pounds second squared per foot

moment of inertia of the configuration about the elastic axis,

inch pound seconds squared (Ia)

length of basic body of revolution confi_uration, feet

damping] coefficient

bending or translational deflection, inches

effective torsional spring constant, inch poRr_ds per radia_

effective bending spring constantj pounds per inch deflection

angle of attackj radians

circular frequency, radians per seco_d (2.f)

coupled natural ben_ng' frequency, cycles per second
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rr

V

Vd

vt

k

L(x)

Fh

Ma

Mh

coupled natural torsion frequency, cycles per second

frequency at m_icb torsional instability occurs, cycles per

secodd

frequency at which flutter occurs, cycles per second

speed, feet per sec6nd

flutter speed, feet per second

divergence speed, feet per second

torsional instability speedj feet'per second

reduced frequency parameter (b_/v)

reduced frequency parmneter (_/v)

total aerodynam£c force L(x) = P = Fh + Fa
/

aerodynamic force due to translation of the body

aerodynamic force d.ue to rotation of the body

aerodynamic moment due to ro_ation of the body

aerodyzmnic moment due to translatiun of the body

5

Orlanization o._fE. This paper will _Lrst present a brief review

of other investigations Of related problems. Following this review will be

statements of the experinentalmethods of procedure and sources of data.

The data will then be presented followed by an &ualytical investigation.

After comparisons of the anal_ical results with the experimental data,

this p_oer will be concluded with a suz_ary and conclusions.



Rh-_IEWOFRELATEDSTUDIES

In this chap%er a review of related studies on the problem of

flutter and divergence of large masses is given. Names of other

investigators of related problems are also presented.

el_ studies. As previously mentioned in the historical

background, various investigations of flutter and dlverE_ce of v_Lugs with

concentrated wei_ohts and aerod_nsmlc shapes have been made. These studies

ale somewhat related to the present problem in that the _-ings may be

considered as Covered struts. However, in the previous investigations the

masses of the -_eights _ere small co_pared to the mass of the win_. Als0,

the aerodyns_ic sh_es had small surface areas compared to the surface ares,

_f the win S • Thus the aerodynamic forces on the wings were of _ch greater

magnitude than those forces on the mass or shape at the end of the win_.

°Othe____r_Tvesti_ators _ related ro__. RurQYan and Sewall I have

made an _xtel_ive experimental investigation of the effects of concentrated

_i_ll.ts on the flutter characteristics of a straight cantilever win_. The

effects of aerodynamic shape of concentrated weights on the flutter speed

of a straight cantilever wing were studied by Sewall and _:oolston.2 Both

IHarry L. Runyan and John L. Sewall, ,.Experimental Investisation of
the _Lffects of Concentrated WeiGhts on Flutter Characteristics of a Straight

Cantilever Win_." _ACA TN 1594, JUne,1948.

2john L. Sewall and Donald S. Voolstonj 'q>reli:inary F._perimental

•Investigation 6f _he Aerodynamic Shape of Concentrated Weights on Flutter

of a Strai@ht Cantilever Wing." NACA RM L9E17, July, 1949.
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studies concerned wing* flutter and did n_t isolate the flutter of the mass

or the shape by itself. -
@

, q

If the forces on the aerodynamic bodies were knownj 6heoretical

calculations could be made to determine whether flutter T_mld occur. Munk 3

was one of the early investigators of the forces on aerodynamic shapes.

His s Ludies were theor@tica! and showed that far symaetrlcal bodies of

revolution in steady state potential flow there would be no resultant lift

force on the body. However_ there would be a pitching m_ent. In a more

recent paper, Allen of the NACA presents comparisons of analytically

deriv@d lift and moment coefficients for the steady case to experimental

coefficients and showed excellent agreemcflt. His analysis Sncludes a term

to account for the viscosity of the fluid, which results in a lift force

_here potential theory excludes it.

M. Munk,

NACA Report 184.
"The /.erodynamic Forces on Airship HUlls."



III

METHOI_OF FROC_ _ SOURCES OF DATA

In this chapter statements of the method of obtaining experimental

flutter and divergence data utilizing a wind tmmel are made. The models

and instrumentation are discussed. The sources of data ere _ also given.

EXPERIMENTAL

, s_ ___ _ 4.5 foo___tnu_te r _. All _s_ _r8 Co_uct_ in the

4.5-Foot Flutter Tunnel of the _atianal Advisory Co_tt_e for Aeronautics.

_his tunnel is of the closed thr6at single return type employing air or

Freon at variable pressures. All experiments reported herein were

conducted in air. The top speed reported in these tests is 535 feet per

second, or a Mach number equal to 0.48. The Reynolds m_ber farce was

1.5 x 106 to 7.I x 106 .

Models. For this investigation two basic configurations w_re used.

The first model confiffuration was a body of revolution whose contour wa_ an

NACA 65020 airfoil section (Figure 2) mounted on struts. Its elastic _xis

positic_ was varied by moving the body on the mounting struts. The struts

consisted of two rods suspended vertically from the tunnel, one behind the

other. The purpose of two rods was to give a _igh natural frequency in a

fore _ud aft direction compared to the bending and torsion frequencies of

the model configuration. Struts of various stiffnesses were v_ed fer both

configuratlous.



L-73083

Configuration i

Configuration 2

Figure 2.- Dimensions of the two basic configurations and the test setup.
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_xe second model consisted of a vented tube whose length to dls_eter

ratio was the same as the airfoil-shaped body, namely thirty inches to six

inches (Figure 2). Its weight snd inertial properties were similar also.

The center-o_£gravity position could be varied by placing a flat ring

inside the tube at various locations; "The elastic axis position was

changed by movir_ the tube on .its supports_ the supports remaining stationary.

Alterations to the second configuration were made by addlng various

shaped nose and rear sections (Figure 3)to the open tube thus chancing the

c.g., Is, and body contour of the configuration.

/

lnshrumentati_on. Electric resistance strain _ages were gl',._ed bo the

roots of the supporting struts for measuring the strains due to bending

deflections. By noting the phase between the bending of the forward strut

and the bending of the rearward strut, the mode of oscillation was

determined. The outputs of the strain gages were fed through amplifiers

m_d into a multiple channel recording oscillograph.

Tunnel speeds were determined with the use of pressure recording

instruments and then corrected with tun_nel calibration correction factors.

_co_. The chief source of data far this paper is the

oscillogr_ph recordings of the strain signals. From these permanent

records, frequencies of oscillations were dotermined. The pk_rlng o£ the

recorded si_n_Is i:_dicated the motion of the body.

I



Hemisphere section

11

Flat plate section

Large cone section

Small cone section

Streamlined section

Figure 3.- Various nose and rear sections tested with the open tube.



Observations. _ conjunction with all recordings, nobes on

• *_ _ Observations were made. For exa_ole, when an oscillation occurred _ith

12

increasing amplitude that appeared to be made'up of both bending and

torsion modes, it was called flutter. When no oscillatic_ occurred_ but

the model started to Zwlst and then tcanslated (in the bending direction)

over to the stops, it was called divergence. _hen the body underwent a

sustained torsional oscillation _ith no apparent translation and with no

tendency for the amplitude of tl_[s oscillation to increase to destructive

proportions, it was called torsional instability.

F

p
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C_L_PT"-RIV

PR?S_TATION A_D DISCUSSION OF DATA •,_, ....

This chapter deals with the presentation and discussion of data

for three phenomena; Flutter_ divargence, and torsional instability.

FLUTTER

of_ density. _lutter was obtained on both%asic configurations.

After obtaining the phenomenon by using _Afficiently _ak strut_ the effect

of density of the test medium on the flutter speed and flutter frequency was

studied. These speeds w frequencies, and densities are plotted (Figures 4-7)

as nondimenslonal coefficients. Figure 4 shows the variation of flutter

speed with density for the airfoil-shawled body. It may be seen in Figure 4

vf

that the Flutter speed coefficient _ of t_he bod_7 _ith the airfoil

section increases with decreasing density. (An increase in altitude at

which _n aircraft is flying may be inter_rebed _ a decrease in density.)

This flutter speed coefficient r_res_ts the _eed at _hich an oscillation

composed of both bending and torsion, rmt in phase with each other, could

be seen. In general_ at flutter the _--qolitudeof the oscillation increased

_z[th no increase in ttumel speed. _e usual practice was to r8duce the

turn,el speed as quickly as possible at the onset of flutter to prevent

possible destruction of the model.

Figure 5 shows the variation o£ flutter frequency _th density

for the alrfoil-shaped body. The_e _;pesred to be little variation in the

of the _irfoil-shaped body as %/_eflutter frequency parameter

density was chan_ed. This would indicate that in this _peed range the



flutter frequency of the closed body configuration would remain essenbl_l_y

constant and independent of the flutter speed.

Figure 6 shows _e variation of flutter speed with dsnsity for the

open tube configuration. In Figure 6_tho flutter speed coefficient for the

c_en tube is seen to increase as the density decreases. This coefficient is

lower than the corresponding coefficient of the airfoil-shsped body as seen

by comparing Figt_e 6 with Figure 4. Figure 7 aho_ _he variation of flutter

frequency with density for the open tube configuration. A comparison of

Figure 7 with Figure 5 shows that the Zlutter _uency of the open tube is

somewhat higher than the corresponding parameter for the airfoil-shaped bod_.

For ease in cow,paring values of the two cen_igurations and to show other

p_rameters, Tables I and _ are presented. •
r

f__ o__f_enter-of-__ravltx locatio_._.__nn.The results of a series of

testS in _hich movable weights _re used to vary the center-of-gravity

position of the vented tube are given in Table III and shown in Figures 8

and 9. These chan_es affected the z_uss, inertia, and frequency parameters.

It may be seen from Figures 8 and 9 that when x, the nondime_sionnl

center-of-gravity location, was positive, flutter was encountered, and
4

when xa was negative, dlver_ence occurred. A similar trend concerning

flutter and divergence depending on tho relative position of the elastic

axis and center-of-gravity positions, for wings alone, ,ms shown

_/leoretically in a simplified flutter speed formula by Theodorsen. 4

_. Theordorsen, "General Theory of Aerod_c Instability and the

Mec_anism of Flutter." NACA Report 496.
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TAEbE I

EFFECT oF DENSITY ON THE AIRFOII,-S}L_.SD BODY OF REV_L_TIONS

a

1.7o o.6o3 . 3Al 15.]9 . o.oSh o.227 -o.io -o.o8

i.75 .621 . 277 12.51 . .O83 .3h9 - .iO -,O8

1.71 .606 , 235 io.62 , . ;,LI.1 .475 -AO -.08

1.69 .599 * 207 9.34 * .150 .631 -.i0 -.08

1.6o .567 . 187 8._ . .19o .799 -.lo -.o8

..... • 172 7.76 * .25o 1.o51 -io -.o8

Ia - 0.0690 M = 0.1301*oo solution fh " 1.20 fs = 2.82

• --_ _



TA!_E iI

EFFI_CT OF DD_SITY ON THE OPEN YJBE COw,FIGURATION
... •

P/Po _ "

].51 o,629 0.85 :].95 lo,32 10.16 0,055

1.5_ ,5_2 ,8_ _7 7,_6 6,22 ,:D.2

i.58 .658 .93 117 6.19 4.91 .155

1.56 .650 .94 1OO 5.30 3.71 .235

_ ... _ _ _ __

o.231 o.14 oo

•471 .14 OO

.652 .L4 oo

•9_ _ oo

M= o.:zmo t h - 1.._7 to, - 2.4o

° .



TAIILE llI

FLUTTER AND DIVKRG-_CE OF _ V_TED TUBE WITH T}LE

CE_vR-OF-CaAVITI POSITIO_ VARIED BY MO_O W_IOHTS

,, =

O.08 O O.IKIo0.0875
.oo o .ll_o .o708
._ o .l&_o .o957
.26 o .158o .Z_nTi
• 36 0 .175O .14751
.oo o .15_o .1217
-._ o _7_o ._75
-.26 o .155o .1217

£_p. IExp. Am.

. . 0.76 8.4
diverge .65 9.2
5.5o 0.67 .7_8.2
. * .95 ?.bl
h.6o .651.o6 7.oh
. . .TI 7.3

diverge .6h 6.8

diverge .53 7.5

Exp. Aria. Exp.

3.10 0.90 5.71 6.35- -

3.11 .9o - - 7.1o 5_47
3.07 .90 5.73 5.43--

3.ol ,906.06 5.041--

2.81 .90 6.o0 h.79 _--

3.00 .90 6.78 6.63

2.96 .90 - - 17.37 6.37

Not obbained

TABLE III- (Continued)

0.08
.00

.26

•.36
.00

-,14
-.26

Vd

Aria.

10.2

9.3
10.4

11.5
12.1
11.7
12.6
11.4

377
s

369
353
331
389

w

I .

vf

=.

420
513
35o
293
265
495
635

1022

m e,.

396
a,, mm

424
375

vd

dhuao

671
671
671
671
671
671
671
671

Mo

Ex_.

0.33
.35
.32

.31

.29

.34

.37

.34
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Figure 8.- Variation of flutter speed and divergence speed coefficients
with nondimensional center-of-gravity position xa for the open-

tube configuration.
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Figure 9.- Variation of flutter speed and divergence speed with

nondimensional center-of-gravity position for the open-tube

configuration.
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vf is essentially independent of
The flutter speed coefficient

the cente_-of-_ravity location (Figure 8) far positive values of x_ when

the center-of-gravity position is varied as in these tests. _S previously

mentioned, the location of w_i_ts determined the center-of-_ravity position

and also chan_ed the natural frequencies of the system. As the center-of-

gravity position was located further from the midchordp the torsional

frequency _ decreased. Thus, fca" the flutter speed coefficient to remain

essentially constant_ the actual flutter speed decreased. This decrease is

shown in Fi&mr_ 9. It _::ouldappear b_ef_-cial frem a flutter standpoint to

haw the center-of-gravity position at _ast as far forward as the axis of

rotation. When the center-of-gravity position is located ahead of the axis

of rotation other phenomena may become critical.

DIV_C_CE

Divergence speeds of the airfoil shaped body were not determined in

this investigation. Random bending and torsional oscillations of the

configurabion using a weak set of struts linited the test speeds to low

values. Using a stiffer set of struts, diverGerme was not obtained for

valocities in the range of the experiment (Mo up to O.hS). Howeverj the

divargenco phcnomena for the _nted tube _:as obtained experimentally.

Divergence speed coefficients for the vented tube are shown in Figure 8.

The diver_ehce speed was obtained by holding the tube as close to zero angle

of atback as possible and increasing the airspeed in the tunnel until the

model translated to the stops. If conditions :_mre such that fiu_ter

occt_red first, a divergence speed was not obtained. Theory of _ing
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divergence iodicates tJ_e divergence speed ¢o be independent of c.g.

poeition. It might be expected for the open tube divergence speeds to be"

independent of c.g. location, also. P_e_er, the di_srgance speed

coefficient would not be expected to re_in constant since the inertia, and

consequently the base frequency o_ was varied, The actual divorKence

speeds are shown in Figure 9. The scatter in the data mi_It possibly be

attributed to testing techniques, or to a mass-rAtio effect (mass of tube

to mass of surrounding air), or tttnnel roughness. No divergence was

obtained for the aft locations of the center-of-gravity position since

flutter conditions were encopntered prior to divergence. Howover, where

divergence was encountered_ the data smkqgest that the divergence speed is

independent of°center-of-_avlty location.

With stronger struts_ no divergence speeds were obtained within the

limits of the test speeds encountered. When certain of the nose and rear

sections were placed on the tube, a single ds_ree-of-freedom torsional

instability occurred. No divergence speeds were obtained for these

configurations .T

TORSIONAL I_JSTABILIT_ FLUTTER

Torsional instability flutter is differentiated fr_ flutter in that

the former refers to a single degree of freedom, usually an oscillation

about the axis of rotationj and _e later refers to a coupled oscillation

@_erein two or more degrees of £reedom ere involved. Torsional _stability

was obtained on both configurations in this investigation.

e • °



instabillt_ of th__esirfo!i-_h_ed ___._. The torsional

oscillation 5f the airfoil-shalJed body was observed to have greater

s_plitude of motion for higher airspeeds. Ho_lewar, destructive amplitudes

were not encountered. Figure I0 shows the variation of the _mtability

frequency with airspeed for the airfoil-shaped bod_. The frequency of

oscillation was seen to decrease as the air_,eed was increased (sho%m also

in Table IV).

26

!nstalb_ilit2 of _ _onte_ tut_. No torsional instability

of ti_e vented tube w_s encountered in these series of tests.

Tqrsional _tabi!it_f _ _ closed tub__._e.A decrease in instability.

_requency was found for the confi_ra+_ions of the tube which exhibited %.he

torsional instability° The amplitude of motion was also found to increase

with increasing airspeed. Table V is a listing of the different configura-

tions te_ted to obtain flutter data. Under the headln_ "4o is %J_eMach

numbar rang_e in _ich the oscillation occurred, or the ma_hm_m Mach number

of the par Uicular test. Under the headlns ft are the torsional instability

frequency ranges _r that test. The configurati_L columns indicate which

section was used at t_e front and rear of the tube. It may be noted tha_
i

all the configurations with a hemisphare rear section exhibited the

instability whereas a blunt rear section (cover plate) had a tendency to

eliminats this instabili%y_ F_iimination of 'the instability was also

obtained when usinE a large streamlined body for the rear section.

A study of the effect of density on the eonfi_uratl_% with the

hemisphere nose and hemisphere rear sections was made.



TADLE IV

EFFECTOF An%SPEFmO_ Tm_ ]_ST_I_ m_U_

THE A]aFC_L-Sm_P_ BOI_

9.25 9.13 o.916 299 3,76 0.98 o -0.18

8.95 .883 340 4.29 .97 o .IS

8.50 .868 387 4.88 .96 0 .18

8.b7 S.13 •.839 443 5.58 .95 0 .IS

8.06 7.57 .7411 505 6.3O .93 o .Ill

7.75 7.18 .767 532 6.7o .92 o .18

t_- o.13oo rh = 4.oo £_ - io.i Ia - o.o67o
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Figure lO.- Variation of instability frequency with airspeed for the
alrfoil-shaped body.



TAt_E V

TUBE CO]'@qGIE_ATIONS!NVESTIGATED FOR TORSIONAL It;STABILITT

Test

. . -- _.

M° c.g. e.a. kb kt fh f_ ft

I o.48 5o 5o
2 o.2o-o.2k 5o _o
3 o._ 48 4o
4 o.35 5o 4o
5 o.43 53 4o
6 o.21-o.27 53 5o
7 o.].4-o.2o 5o 6=
8 0.2,3-0.37 _8 50
9 o .22-0.38 62 50
lo o.39 62 72

0.2]. 5o 28
12 o.29 5O • ._
13 o.2o-o.23 48 40
z_ o&7 5O
15 o.2o-o_3 5o ho
].6 0.33 _5 40

18 0.38 _? 5o
]9 0.14-o.23 38 _0
2o o._ 41 5o

16.9 9742 6.43 17.5 .....

16.9 9742 5.85 14.4 14.1-13.9

16.9 9722 _;._5 14.4 .....
z6.9 9762 5.9z _.4 ----
16.9 9742 5.61 12.9 .....
8.7 509_; 4.18 9.2 8.58-8.34
8.? 5095 4.03 Io.2 1o.,:1o.1
8.7 ,_25 2.34 1o.9 .....
8.7 5095 3.96 8.o 6.1_

8.7 5095 4.zz ?._; ----
4.2 296.=; 3.08 7.9 7.7o"7._
4.2 2_5 3._ zo.t .....

16.9 97_2 5._ 14.7 14.7

.....
8.7 5095 3.92 8 ol 7.8
8.7 5o95 4.oo 8.o .....
8.7 5095 3.92 7.8 7.5-7.4
8.7 5o95 3.16 7.2 .....



TABLE (Co tt=ed)

Test, Confi_atlon Remarks
Nose Rear

1 None None Nothing

2 Hemisphere Hemisphere Ins tability

3 Hemisphere Cover plate .Not_ing

4 Hemisphere Small cone No_hing

5 Hemlsphere L_r ge co na Nothir_

6 Hemisphere Large Cone Ins bability

7 Hemisphere Hem/sphere Instability .

8 Hemisphere Cover plate Intenai_tent _li_

9 Hemisphere Streamlined Intermittent instability

iO Hemisphere Streamlined Intermittent instability

II Hemisphere Hemisphere Ins tabilit y

12 None None Nothing

13 Cover plate Hemisphere Instability

14 Cover plate _wr plate Notldng

15 _ cone Hemisphere In_t_l.llty

16 Small cone Large cone Nothing

17 Cov_ plate Stro_nlined In_enuittent instability

18 Streamlined Cover plate Ndthir_

19 Stre_lined '-," Hemisphere Instability ,

20 Streamlined Large cone Nothing
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Fi_ure ii shows the variation of instability speed with density for

the vented tube configuration with t_ he.misphere nose and rear sections.

It is shown In Figure 11 and in Table Vl that the instability speed

coefficient v--_-t increased slowly frQm standard density to about one-half

stsndard dersity. Then as the density decreased, the instahilit_ speed

_oefficient increased rather rapidly. Figure 12 shows the variation of the

_stability _requency with density for the _nted tube confJ4_uraticn with

the hemisphere nose and rea_ secti°ns" It m_y be seen that the instability

frequency remained essentially constant at approximately the natural

v

_requency of the con_4_ration. These s_me tr_uds of an increase of flutter

speed coefficient _.Ith decreasing density and constant torsional instability

frequency with density were sh_n in Figures 4 through 7 for the flutter of

both the airfoil-shaped body _d the vonted tube.



TAHLE VI

EFFECT OF DF_ITY 02;TH_ INSTABILITY SPEED

•OF HE OP_ TUBE CONFIGURATI_

ft
v%__ p x zo-2 P/Po

lOt5

10.7

10.5

10.7

10.k

10.7

10.7

10.7

10.6

10.6

IO,6

10.4

q_

o.99

1.oi

.99

I.Oi

.98

i.O1

1,01

1,01

, 1.00

i,00

1.00

.98

- o.1375

423 5.o7

314 3.78

233 2.80

194 2._

171 2.o5

160 1.92

160 1.92

152 1.82

158 1.9o

_9 1.55

Zh = h.35

a

o.o23 o.o97 o o

.04?. ._77 o o

.069. .257 o o

.080 .336 0 0,

:099 .Z_6 o o
P

.l19 . .5OO 0 0

.._8 .._ o o

•9.57- .660 o o

•177 .744 o o

.196 .S24 0 0

.215 .9oh o o

..233. .971 0 0

_= = lO.6 z_ - O,lO:39
.tj _
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Figure ii.- Variation of instability speed coefficient with density

coefficient for the tube configuration with hemisphere nose and
rear sections.
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CF..APTRRV

_ALYTICAL INVESTIGATION

Analytical investigations based on the meager s_ount of existlng

data are carried out for the three phenomena for _&ich data was presented

/

in the preceding chapter, nnnely, flutter, divergence, and torsional

instability. .

•FLUTTER •

As previously defined, flutter is an oscillatory aeroelastic

phenome_n involving the interaction o£ the aero_yn_uic, inertia, and

elastic forces. For both confi&_rations the _otion was observed to be a

coupled oscillation _hich involved a rotation end a translabion of the

body. For this type of motion_ the _Ifferential equations that govern the

motion are. as follows:

For torsion" -I_'_- Sjh- Ca_ ÷ Mh_ " 0

, For translation, -Sa'_"- _" .- Chh * FA = 0

The forces and moments acting on the closed body are illustrated in

Figure 13, where Se -Mz and is positive _&en the c.g._ i_ behind the

e.a., and the dot _enotes derivative _th respect to time.

The physical parameters directly related to the body (mas_, spring

constant, e.a., c.g., etc.) are obtained from measure_uents. However, _he

external aerod_c fcrces_ are, for the most part redundnnt, there being

a lack of experimental evidence as to their quantitative nature. In

general, there _re two categories of forces; on the one hand, those forces
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that may be represented by potent4al flow theory, and on the other hand,

those forces associated with viscosity effects. In the follo_d_ analysis,

only those forces given by potential flow theory will be considered.

_ the _foil-_ha_gd _ _ revolution' work cn the

application of potential flow theory to bodies of revolution f_ t_e

dynamic case has been done by Miles 5 and others. His solution fur the

forces on bodies of revolution will be adapted and employed for this

anal5_is of a closed body. For the incoz_ressible case, Miles gives for

the _locity poten%ial for a slender body of revolution undergoin_ harmonic
i

motion

r, e, ,) - w(x) 2(x)cos___ e O)
r

_ere x, r, 8, are nondimension_l polar coordi,mtes of the system and

Ut

U = wlocity (corresponds to v)

t= time

"_ - length of bodp, feet

w(x) - local ver_ic'al velocity

R(x) ? radius of cross section of body of revolution at station x

M " .uass of body, pounds second squared per foot

kI -_ U

= circular frequency, radians per second

kl_ = cot -

W. Milesj "On Non-Steady Motion of &lender Bodies."

,_"uarterly,Vol. Ii, Part 3, November, 1950.
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This potential is subject to the conditions given by Lin, Reissner, and

Tsien 6 for the validity of the linearization which are that the Mach

number times the slenderness ratio is much less than one and t_at the Mach

n_mber t_s the slenderness ratio times the reduced frequency ratio _V

is much less than one, nauely

Mo5 << l

and

where

Mo6k I << 1

_a. kl
v

and

5 " slenderness ratio (diameter divided by length)

The pressure on the body may be evaluated at any point by means of the

linearized Bern_ equation_ ""

pressure "-PD_%='PU(%_x÷ _ )

o

IX re(x) is the _vlrtualmass of a cross sectionat x, the local

tr_verse force may be calculated directly _rom lle'_ton's lawj na_e!y,

6

-

-- 6C. C. Lin, E. Reissner, and H. S. Tsien, "On Two-Dimensional

Non-Steady Motion of a Slender Body in a Compressible Fluid."

o__f_athe_atics an_d_27, pp. 220-231, October, 1948.

(h)

o

P



Since for a bod7 of revolution

whero

m -  pR2(x)

L(x) " FA = F=+ Fh

39

(6)

(7)

The aerodynamic moment is obtained by multiplying the increms_tal FA

by its lever arm to the axis of rotation. The moment is cc_posed of both

the moments due to rotation and translation. Thus

C8.)

Various oparations _ill be performed on equation (6) so that the

forces and moments due to translation and rotation of the bod_ may be

deter_ed. Two equations of motion in terms of angle of a_tack (=) and

translation (h).with _ ur,knowns, flutter speed and frequent, will be

obtained. The determln_ut to give other than a trivial solution will be

sho_n.

/4ultiply_ and dividing equation (6) by U and integrati6g over

the nondimensional length of the body, the follm_ing expression is obtained

f_r_e' force, due to torsional oscillations

where t

S(x) " , at station x

xl
x = -- nondimensional distance i_ x direction

I



_o

o = h nondimonsional distance to the axis of rotation (s_m as e.a.)

-+_ I ÷ ik1(_-o)U

Uax U

_£=pli_rlng,quatlon(9)glv_

I

+ S(x)ikl_ +

factoring out a and rewriting equation (10) gives

Fa=-pU2Z2a/01__I" ikl_) +_IklX+ax

2S(x)_-_2S(x)(x- Ol_.i_tdx

}Iowov_

/01 a_x--_dx = 0

for a body pointed at both ends, therefore

F_" "-pU2_2a/01 Iiklx axSS(x)+ iS(x)2kl +

k12S(x)(a- x)1,_t dx

The corr_spondin_ moment &re to rotation is

Ma = _folaaFx__X-_)dx

(io)

(_)

(_)

(_)

9



Applying equation (9) to equation (13_-gi_e_

.o.-_,,,Ofo_,_.o,[__-_o,:_._,_._o.
ai;%s(x)÷ k12s(x)(o- x)],_t

$1m_li_ng equation (i_) and noting

gi_s

_lere

l aS___dx =0
ax

- x 1- _,1_)÷ Ikl(_- x4 ÷

2___i(x-a)S(x)- k12S(x)(a- x)a] e_ dx

_Im force due to translation is

- , _ s(x) w(x),_ d.
.U

ho ,,IkiU

S_llfying equation (16) and substituting for. w(x) gi__s

Jo Lax -G'- ÷ _1-g" s(=) _,

noting that

jrolas(.__),oax

ho rl

Fh " +pU212kl 2 ..Fj 0 S(x)e i_t dx

gives

(_)

(15)

(16)

(17)

(18)



t

-The corresponding moment due to tz&nslation is

_ .._o I (_- o) aF__.h_

Substituting equation (16) in equation (19) gives

:%

Subs titu_tng

.-pU2$ 3S01,(x- o<_+ ikl) S(x) wu-_eL_dx -

v(x) - _1_ _ and si_X_n_ oquation .(2o) _s

Mh " __2_3 (x-) _X a= "

_2

(19)

(_)

(SI)

-e_t _ (22)

Evaluation of the integrals found in the forces and manents was accomplished

by numerical -integration and w_re deternined as follows:

1 sCx) _ -.(o.lo_)(0.05) = 0.o1_6 (23)

._0 > =s(x) _- .(0.o4296)(0'o5) - 0.o0674 ,

l=2s(x) _..(o._1370)(o.o5) - 0.0o3355

_01 8S(x) 2. (-0.002107) -0.01321x _x

(24)"

(25)

(26)



_0i 2 _- 2.(-0.00i9h8)--0.0i225_x

Before substituting the _oment in equation (I), assume si_[2@

harmonic motton_ namely

e_t

h = hoe imt

- hoLae ic_

a = %e i_t

= i_Coelot

_".._2aoei_t

(2.7)

(28)

ei_t torn so thatEvery. term in equations (I) and (2) vili have an

may be divided out.

Substituting the values of the integrals in their appropriate places

and then substituting the moment in equation (i) 6ives

ikl(O.O1225- 0.01321o) + 2iki(0.00674- 0.01626o) -

k12(0.01626 o2 - 0.013_8o + 0.003355)I } - 0 (29)

Grouping and combining terms gives

o
(0.00674 - 0.01628 a)kl21 _' " = 0

]J

o + 0.003355) +

(30)



Dividing equation (30) by Id2 .and rearranging terms gives

where

. -o.oUn - _2(o.oI_6_ - o.o1_a ÷ 0.oo3355)+

ik1(o.oo_3- o.oo61oa)

and

k2 --_i(O.OI3ZI) - k12(0.00674

Making the substitutions of kI U

- o.o1623a)

(31)

make equation (31) into

_ (_ kkl--_K_l I+_z k2']h°- - _" y- _j T" o
(32)

Operating on equation (2) as was dons on equation (i), nanely, substituting

the integrals and then the forces in equation (1) gives

+o_2S==o + i.k_2ho. Chho+ @U252kl 2 _-h°[0.01626 ]

2±ki(0.01626) i k12(O.O1626a- 0.0067h)]- 0

÷ [-_2_2% ][-iki(0.01321)+

03)
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let r

)'3 " i__o_z93z÷ h2(o._6o- o.oo67b)

and

k 4 = 0.01626

K2 .2i.
pt 3

Dividing equation (33) by M_21, ranking the above substitu_io;_, and

re_arr&u._n_ terms gives

let coeff!cient. 7n " (i +

The _ondition to hav_ o_hex_ _4v_ a _rivi_l soZuti(_n <c[o - _w_° " 0 )

of equations (32) and (3_) is to have the detem_inant of the coefficfents

set equal to zero.

This determinant consists of

l-fl- kl

kl2Kl

a.-

w

_. x__.L

r 2 kl_ 1

2 _h_
fl + kl_2

"O (35)

7pen Sr_LIE, and Lee S. _'asserman, "Application of Three-
Dimensional Flutter Theory to Aircraft Structures." Air Corps Technical

_e_ort No. 4796, July, 1942.



It can be sho_m that this deberninant has no solution for physical

values of the _equencies. This is perhups due to sn oversimplificati_ in

J

the derivation of the forces and momcnts.

Flutter of _ vented tube. _,_crkon the forces due to internal flow

through a yented tuhm has been discussed by Barton. 8 The acceleration forces

on a particle of air are discussed by Seeley and Ensi_. 9 The aerod_ic

forces used in this analysis will be determined from the kinematics of tb_

internal flow and from considerations of the potential flow over the

cylinder. In the derivation of these forces the contributions due to

rotational and translational motions are treated separately.

Considerir_ the case of r_tational motion, treat first the forces

and moments arising £rom the deflection of the air stream through the

Th_ force is assumed to _t at the frm_ttube, that isj the internal "flow.

of the body and is given by

The associated moment about the axis of rotation is

. sz . o,Me

(36)

07)

The forces arisin_ from the rotational velocity and accelerations

are nez._ considered.

_J. V. Barton, "The Effect of the Variation of Mass on thc _yn_ic

Stability of Jet-Propelled F_ssiles." J=_ouTnalof A_eronautical Scie3_es,

Vol. 17, No. ii, November, 1950.

9Fred S. Seeley, and Ne_on E. ;,nsign, Analytical Mechanics __

En,_in_ors, Published by John w_ley and y_cmj Inc., ,Cl_pter XIV,

_>p. 390-395.
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The accelerabions experienced by a particle moving along a path as

_<%the'path rotates _e (a) the accelerations the particle would eoq_rience if

the path were fixed and the particle moved along the path, (b) the

acceleration the particle would experience if it w_re fixed on the p a£h and

t?_ path were p_an,tlttedto move, and (c) the CoriQlls co,._onent _ the

compound supplenentary acceleratlon. Assuming that the streamlines are

deflected throu_h the an_le a and are not curved relative to the a/ds of

the tube, the resultinz forces experienced by the p_tlcle are illustrated

in Fi_-n_re14. _ acceleratio_ due to (a) are zero since _mre is no

venturi and no burning ins lde the vo_ted tube.

Intezratins the differential force and differential momenta about the

axis of rotation over the volume of the tube yields the forces and moments

exerted by _e air on the tube. These integrals are

fo,f_r

ar.dreduce to _

The differential forces and moments due to the external flow about

tI_ tube due to rotation'_l motion .may be approximated by co_midering the

tabe infinite in length and evaluating equation (6) for the appropriate

p



d_h distribution. Integration of the differential force and moment

yields

p - -,pR 2 - _

M--,_ _:3..... oi -s-,.:j _"

The total fc_ces and momsnts due to rotatica are

I I ,Ip._p_2 .Si z _..+02 .._2_: . 81 . 2._2U_,I,

,...,_2 _ +_ - __ ; - _s -.,_2 a q + ,hz2- -
3

_) _.pR2U_(; _ 2sl) (hl)

F_ t._ocase of t_anslat,.ic_'_ a treatment similar f.o that,,given for

rotation is employed.

The internal fl_ yields, as a _esult of momentum changes) the

foll_&ng forces and moments

. (_2)

The forces and moments arising fromaccelerations (refer to Figure 14)
J

integrate to

(_).
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The external _lo,.z yields the following

The total forces _nd moments due to translation are

St_',.,'d.ng the forces and momer_ts d_.eto rotation:

Change of mor_ntum arising
fro_ consideration aft, he
farce acting at the front
of the tube

Coriolis component

Acceleration the particle

,_uld have if the path
were fixed and the particle
free to move . 0

Moment

0

Accelcratien the particle
would have if it were

fixed on the path and the

pathwere free to move .pR2_'I_. 2_I .._2_.I__2_ + SI_2. 3_. _I

Extcrnal force and mament
assuming tube to be

infi.uite in length



Sum_n_ the forces and'moments due to tra_slation$

Foible

Change in. momentum

Translatory acceleration

of the air particles

External force

-._%A

_,,Fa2"£;

,,b

Again assume harmonic motion and substitute the total moment and

force in equations (I) and (2), respectively. After making the substitutions

that

vf

2
Ca = l=a_=

I= = Mr 2

h- IS - __2

and regroupinc terms, equation' (I_ becomes



qB,
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; r2 2+ % ÷ n - _2 /b2s'J"÷ _ - o
\ k 2 ,

and equation (2) bec_es

?,-k_÷ -2 +% z+ + k "

)._oThe condition to h_ other than a trivial solution o " _ " 0 of the

above t_o equations iS to set the determinant o£ the coefficients e_u_l to

zcro. This det_t is as followB=

. _ \_/ n - ¢2 + x2 -
,' mR O

A sa,_le solu_ion _dll be shinto, "The parar_eters used correspond to _e first

line of data in Table lIED pa_e 23, The evaluation o£ _he p_r_net_rs in tJ'_e

determinant is as follows l

= - o.Io _ - o.oo_2

r 2 - I_/H - 0.6203 _ ,, 2.5

i= - o.o875 x2 - 2.643

M - O,1410

_I " 335.0

b - :L.25

S_ - ].2_

_-' 0.0

\
%

- 8.4oI_._o- 2.n
_h
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_ne determinant becomes

-0.16122- Q.907_81
k

N + Q.003731i - 1.0149
k

For an assumed value of i/k of 4,'

nI = 0.1574 - 0.0017691 - _- _(i + is)

m

7.342_q - _- 1.0127
k""

• k

N2 indicates a negative frequency and is of no interest. Thus,

- 0.1574

,,0

and

0.001769

g = o.i_7_ - 0.0112

A series of i/k' s are assumed until a curve connecting the values

intersects -_ith the g = 0.03 line as shown on Fi£ure 15.

• t

This v_ue o£ i/% is operatedon to obtain vf as follows,
-b_ a

z

C@

8.28 1 . 6.35

The flutter frequency ratio _h is plotted against 1/% so that

the correspcg,ding frequency ratio may be chosen. This Fatio _h is

ff
divided into the structural _eq%teLncy ratio _--. to obtain _--- or -- .

_a _ £cL
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The results of these flutter calculatlons have been tabulated on

Tables II and III (pages 20 and 21 ) _ud m_e plotted on Figures 16 and 17.

DIVERGENCE

As previously defined, divergence occurs when the aerodynamic moment

is greater than the restoring moment. Therefore by equating the

aerodynamic moment to the restorin_ moment_ an equilibrium velocity co.ube

determined. Any velocity g_ater than the determined v_locity will result

in divergence of the system, The restoring moment for the support lag Struts

for both configurations is km(a) _ere km is the torsional spriag constant

in foot pounds per radian and a is the m_ple of attack in radlan_. The

aerodynamic moment is not obtained as easily.

Allen of tIACA in a paper entitled "Estimatic_ of the Forces and
; s

Moments Acting on Inclined Bodies of Revolution of High Fineness Ratio,"

added a term to include viscosity to the aerodynamic moma_t deter_ii_d by

M_nk.

or

Munk' s moment is

_- -2(K2- _I) vol.
q_

M= --2(K2 - '_i) voz.q=

Allen' s modified mcnent equation is

_ere the terms are defined _ follows:



_6

lO

\
\

0
0 .2 .4 .6 .8 1.0

p

i_o

Figure 16.- Variation of theoretical flutter speed coefficient with

density coefficient for the open-tube configuration.
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/L

and

b_

2O

16

(_)Flutter

[] Divergence

12
[]

[]

C_

©

0
©

I

0 J J

-.25 -.15 -.o5 o .o5 .15 .25 .35

x

Figure 17.- Variation of theoretical flutter speed and divergence speed

coefficients with nondimensional center-of-gravlty position xa for

the open-tube configuration.



M_ moment in foot pounds

(K2 - KI) Mu_c's longitudinal and tran_wrse apparent ma_s coefficient,

Aller_ s equation_ (K2 - KI) " I

Vol •

%

q

volume of body of revOlution, cubic feet

cross-sectional area of t_ base of the bod_, square feet

body loner.h, feet •

station of axis of moments, _ee%

dynamic pressure, pounds per square foot i pvd2 ..

an_le of attack, radiar_

drac coefficient ratio, function of length to diameter ratio of bod_

of revolution

Cdc section drag coefficient, function of Mach and Reynolds numbers

plan-form a_ea_ square feet

Xp distance of t2_ecentroid of the plan-form area from the bow, feet

Supplying values to Allen' s equation based on the 65020 airfoil-

shaped bodj-, the follo_ing constants are obtained

Vol. -0.249 cubic feet

Sb-O

Z = 2.5 feet

xm-O

,,0.6a

- 1.20

- o.64ct = o.6_ x 0.5 x 2.5 = 0.80

- z.25

p = o.oo2378



The equation now reads

Ma - -2(0.249- o) ½xo.oo2376v2_÷

1.2 o. (o-z.25> ,=J

M_ --o.ooo592v2a-o.ooo_85v2a2

59

SettLu_v the aerodyns_ztc moment equal to _le restoring moment:

o.ooo59zv2_ ÷ o.ooo885_,_2 ,, k ,_
(1

k

v2 " o;0oo592÷ o.ooo_

k

k = 2695 inch pounds per radian corresponding to the

data of Table I

k " _ = 247 foot pounds per radlan
c 12

therefore

/ 247 __.

From _he above expression it is seen that the divergence speed is

affected by angle of attack. Assume a very small for these testsj

therefore

t/_ 247

v = 644 feet per second. Another calculation of the divergence speed for

the airfoil-sh_ped body based on the derived oscillating moment _iI be

given.
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f

_ne osci!latin_ _erodynamlc ._oment for the a_rfoil-c_aped body is

given as equation (15) on page 41. Since for torsional divergence k is

zero, this equation reduces to

._ - _pv2:3_(-o.o_n) (46)

The rostorin_ moment is defined as

Equating equations

since _ = 2.5

kta = la_z2a

(46) and (47) and solving for

• Vd • 2.21_ a

V gives

(_7)

The divergence speed corresponding to the first data point of Table I

(page 19) is

= _I°'°690° = 441 _tlsec
vd 2.2z(2.82)(2.)_0.000._

The divergence speed corresponding to the data of Table V (pages 2_

and 30 ) is

• •2,,"/o'oo&,o
v,t _.2z(9.:'5)_ JVo'oo2_ " 69o:_t/sec

The asrod_c moment for t_heopen tube configuration is _iven as

equation (41) on page 48. F_ the case of divergence, _ is zero and the

equation reduces to

M,=- ,,_2_sz¢
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Equating this moment %o the restoring moment and sol_ng for
v gives

sI = 1.25

R - 0.25

tharefo_e

The divergence speed correspondir_ to the first line of the data of Table II

(paCe 20) is

vd . 2.02(2._0)(2.) _- 3_

The divergence sp.eed corresponding to the first line of the data of

Table III (page 21) is

"d " 2"°2(_'_)(2")'_&°8-_" 6n _Is_c --
_o.oo_

The divergence specd coefficients

on T_ble III, pa_ge 2L

v--d h_ve been c_lc_l&ted and are f_nd

b_a

TORSIONAL IS_STABILITY

Far slngle-degree_f-freed_-tcrsional flutter _or the airfoil-

_laped body, the diffezential equation of motion is

-lu'_ - C_a ÷ H = O
(_)
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wh_re Ma is _Ver_ in equation (15) on pase 41. For harmonic motion

equation (48) becomss

i_2ao _ Caao . p_3a o _-0.O1321 - hk2(o.o1626o " 0;o13h8 a,

o. 3355)÷2 co.oo  - -o

The i_inary part of the equation must be zero so that

2k(0,00123 - 0.006100) " 0

or values k = O, -o - 0.2015 give solutions.

k = 0 gives the divergence condition whileThe

flutter solutions. H_w_ver, should structural damping be included other

values of k and a will allow solutions.

(hg)

- 0.2015 allows

The real pert of the equation becomes

ia¢o2 Ca p2_3 .01321 - °_212 = 0- .,2

where

k., (0.01626 °2 - O.Ol3hB o + 0.003355) = +0.001300

p_21,5 -
a_2 . _2 + Pv27'3 (0.01521) + -"--- k " 0 (51)

Ia. Io,

c¢

(,0 II

_a 2 0.01321 pv213
- la

i+ PZSX

la

(52)

From equation (52) it may ,be seen that for .a specific test con4Stion

the instability frequen_j decreases _th increasing velocity. _m

illustration of the orSor of ma_nitude of the results _ay be obtained by



_ertir4 values from Table IV (paEe 27) in e_uation (52). A sample

calculation will be madeu_ing the first test data on this table.

I _ _ _o.oo23)(29_)2 (_.5)_
ic_o.__- o.o_3_ o.o6_o_

"_'+- + ++<_o+.o_.3_.5_<:o,®_oS_----
s. + + ' 0.0670 -

= 57.4 or ft .= 9.14 cps.

The cm, ve of the chan_e in instability frequency with _sp_ed is

shown in Figure 18, and the values are given in Table IV, page 27.
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Figure 18.- Variation of the theoretical instability frequency with

airspeed for the airfoil-shaped body.



a_PT_ VI

C_{PARISONOF _YSES WITH EXPEP_:T

This chapter presents a comparison of the results of the analyses

with the e_perLmental data on flutterj divergence_ and torsional instability.

FLUTTER

The_e was no cozparis_u made between experimental data and the

flutter analysis for the airfoil-shaped body since the analysis yielded no

results.

The co--sons of analyses _dth experirBntal flutter data for the

vented tube configuration showed very good agreement. The calculations

showed both the treml (Table II, page 20) and magnitude (Table Ill, page 21)

of the fluter speed coefficients. The calculations _c_ed the trend of

the flutter frequency parameters, whereas the calculated CluSter frequencie_

ware higher than the experL_ental flutter frequencies.

DIVERG._ICE

Since no divergence data was obtained and no experir_ental speeds

_re attained as high as the analysis predicted for divergence, no

comparison can be made bet_men experimental data and analysis for the

airfoil-shaped body.

C_arison of the e_perimental dive_ence speed _ith the analytical

divergence speed for the open Lube showed little agreement. For the same

co_i_ation (a - O) .v_xp. was apprdxlmately 400 fps and VdAna" was

671 fps. The ratio of speeds is 0.596.
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TORSIONAL INSTABILITI

Fr°m the analysis for .single-degree-of-freedom torsional flutter,

it _s found that for one position of center-of-gravity location (a " O.20.15

or c .g, at 20 per cent ch_d) and as_m_ zero structural damping, flutter

would occur. The torsionnl flutter frequency would decrease with increasing

airspeed. Experimental, the frequency did decrease with increa_ 5 '_

airspeed. A comparison of Figure 18 with Figure I0 showed that the

analytical instability frequency decreased approximately as the experimental

instability _requeucy •



CHAPT_RVII t

SUI_LRY AND CONCLUSIO_

__. Results of e_perimen_,al tests of flutter and diverge_e of

large masses at ends of "short struts are presented. Two basic confi_ratio_

were tested; (i)an open _ube having provision for various nose and rear
¢

sections_ and (2) a body of revolution based on the NACA 65020 airfoil

section. Flutter w_s obtained on both basic configurations. There was no

experimental divergence data to co_pare with analysis for the" airfoil-shaped

body configuration. A sln_le-degree-of-freedon torsional Instability was

experienced when certain nose and rear sections were installed on the open

tube. A similar instability was encountered on the airfoil-shaped bod_ when

the stiffer struts were used. Sc_e of the effects of density and center-of-

_ravity position on flutter of the vented tube were observed.
a

Analytical investigations are presented for flutter, di_orgence_ and

torsional instabi_ty. These analyses showed little ab_reement with

experil_ ntal data.
°

Conclusions. Conclusions for this eN_eriment_l and analy_ical

investigation may be enumerated as follows:

I. Fl_tter speed coefficients increased with decrease in

density for both basic cor_i_urations.

2. Flutter frequency remained essentially c_stant for

changing density for both conflguratioas.

f
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3. FluSter speed coefficient is essentially inde_ndent of

centea--of-_ravity position for the open tube when t_ c .g, was varied

as in these tests.

_. Flutter occurred _len the c.g.was behind the elastic axis

and div_cence occurred _en the c._. was ahead of the elastic axiS.

5. Torsional instability was encountered with the tube for

certain nose and rear section installations.

6. The effect of density on the instability speed coefficien_

of the tube with hemisphere nose and rear sections was similar to

that on the Flutter speed coefficient, nsuely, that as the density

decreasedj the _tability speed coefficient increased.

7. The instability frequency of the above-mentioned

configuration remained constant with chan_ng density.

8. _]nalytical flutter speeds sh_d good a_reement with

experiment both as to trend and masnitudes for the _'ented tube

configuration.

9. The analysis for the airfoil shaped body of re_luticn

yielded no results.

i0. The calculated divergence speeds and frequencies showed

good agreement with experimental data,

ii. The calculated torsional instability frequencies showed

good a_reement with experimental torsional instability frequencies.
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